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agent of whooping cough. Its C-terminal region, the receptor-binding domain (RD), contains ~40 calcium-binding Repeat in
ToXin (RTX) motifs, which are characteristic of many virulence factors of pathogenic bacteria. We previously showed that
RD is intrinsically disordered in the absence of calcium and acquires its functional three-dimensional structure upon calcium
binding. To gain further insight into the physicochemical properties of RD, we characterized its calcium-induced conformational
and stability changes by combining spectroscopic approaches. We show that RD, in the absence of calcium, adopts premolten
globule conformations, due in part to the strong internal electrostatic repulsions between the negative charges of the aspartate-
rich polypeptide sequence. Accordingly, sodium is able to screen these electrostatic repulsions, allowing a partial compaction of
the polypeptide, whereas calcium triggers a strong compaction as well as the acquisition of secondary and tertiary structures in
a highly cooperative manner. The differential sensitivity of the calcium-loaded state to guanidinium- and urea-induced denatur-
ations provides further evidence that electrostatic interactions play a critical role in the folding and stability of RD. These results
provide new insights into the folding/function relationship of the RTX motifs.INTRODUCTIONThe adenylate cyclase toxin (CyaA) is one of the major viru-
lence factors of Bordetella pertussis, the causative agent of
whooping cough (1–3). CyaA is secreted by virulent
bacteria through a dedicated type I secretion machinery
(4,5). CyaA is able to invade eukaryotic cells thanks to
a unique cell intoxication mechanism that allows the trans-
location of its catalytic (C)-domain across the cytoplasmic
membrane of the target cell directly from the extracellular
milieu (6). The C-domain is then activated by endogenous
calmodulin, leading to the production of high amounts of
cAMP, which is cytotoxic for the host cells (5,7–11).
CyaA is a protein of 1706 amino acids that comprises three
regions: 1), the C-domain in its N-terminal part; 2), a central
region (H) containing several hydrophobic segments that
can insert into the plasma membrane of target cells; and
3), a C-terminal domain (receptor-binding domain (RD))
that is involved in association of the toxin with its cellular
receptor, the aMb2 integrin (CD11b/CD18), which is
expressed on subsets of leukocytes (12,13). RD contains
~40 sequences, called Repeat in ToXin (RTX) motifs
(14–16), that are repeated in tandem and are involved in
the binding of calcium (17–21), an essential cofactor for
CyaA interaction with its integrin receptor and subsequent
entry into target cells (12,13,18,22–24).
RTX motifs are found in numerous virulence factors of
pathogenic Gram-negative bacterial species (15). These
proteins possess from a few to >50 RTX motifs that areSubmitted June 17, 2010, and accepted for publication October 8, 2010.
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activities (e.g., proteases, lipases, and pore-forming cytoly-
sins) (16). An RTX sequence is a glycine-and aspartate-rich
nonapeptide GGXGXDXLX (X for any amino acid, L is
occasionally substituted by V, I, F, or Y) that constitutes
a specific calcium-binding motif. In the presence of
calcium, several tandemly repeated RTX sequences can
fold into a parallel b-roll that consists of a succession of
turns (encoded by the first six amino acids, GGXGXD, of
each RTX motif) and short b-strands (encoded by the
remaining three residues, XLX, of the RTX motif) (14–
16). Calcium is bound between two adjacent turns by the
conserved aspartic acids and by backbone carbonyl groups
(25–27).
For the majority of RTX toxins, the intrinsic function of
the RTX motifs is not precisely defined. Nevertheless, the
fact that most of these virulence factors are secreted by dedi-
cated type I secretion machineries (T1SS) strongly suggests
that the RTX motifs may be somehow involved in the secre-
tion process (21,28–30). In the case of CyaA, it has been
shown that the RTX-containing RD domain is involved in
the calcium-dependent binding of the toxin to its cell
receptor on the surface of immune cells, as well as in the
internalization of the catalytic domain into the target cells
(12,31). The RD polypeptide, encoded by residues 1006–
1706 of CyaA, is organized in five successive blocks
(I–V), each composed of eight to 10 RTX motifs separated
by linkers of variable length (23–49 residues) (18). We
previously showed (19) that RD is natively disordered in
the absence of calcium, whereas it acquires a stable tertiary
structure upon binding of 30–40 calcium ions (i.e., roughlydoi: 10.1016/j.bpj.2010.10.016
Folding Pathway of CyaA RTX Motifs 3745one calcium per RTX motif). We proposed that the intrinsic
disorder of RD of CyaA in the bacterial cytosol (a low-
calcium environment) could facilitate its secretion through
the T1SS, whereas calcium binding in the external medium
could trigger the folding of CyaA into its active, receptor-
binding competent conformation.
To further characterize the conformational and thermody-
namic changes induced by the binding of calcium to RD, we
investigated the physicochemical properties of this polypep-
tide using various spectroscopic approaches. Our results
indicate that in the absence of calcium, RD adopts premol-
ten globule conformations that exhibit a high content of
random coils and a low content of turns and b-sheets.
NaCl induces a partial compaction of RD without inducing
any structure acquisition, whereas calcium triggers the
compaction and folding of secondary and tertiary structures
of the protein in a highly cooperative manner. A thermody-
namic analysis of the protein denaturation induced by urea
or GndHCl further highlighted the importance of the elec-
trostatic contribution to the calcium-induced folding and
stabilization of holo-RD.MATERIALS AND METHODS
Protein preparation
Plasmid construction and protein production and purification were per-
formed as described previously (17–19). The RD of CyaA corresponds to
residues 1006–1706 in native numbering of CyaA. The protein preparation
is further described in the Materials and Methods section of the Supporting
Material.Biophysical techniques
Circular dichroism (CD) spectra were recorded on an Aviv model 215 CD
spectropolarimeter as described previously (19,21). Fluorescence measure-
ments were performed with an FP-6200 spectrofluorimeter (Jasco, Bougue-
nais, France), as described elsewhere (11,19,21). Fourier transform infrared
(FTIR) spectroscopy was performed on a FP-6100 Jasco spectrometer.
Quasi-elastic light-scattering (QELS) experiments were done using
a NanoZS instrument (Malvern, Malvern, UK)). Further descriptions of
the CD, fluorescence, FTIR, and QELS experiments are provided in the
Supporting Material. Unless stated otherwise, all experiments were done
in 5 mM Hepes, 150 mM NaCl, pH 7.25 0.2, at 37C.FIGURE 1 Calcium-induced conformational changes of RD followed by
CD. (A) Far-UV CD spectra of RD as a function of calcium concentration.
Apo-RD is dotted and RD in the presence of 2 mM calcium is bold. Inset:
Mean residual ellipticity at 219 nm as a function of calcium concentration.Curve fittings
All fitting procedures were done with Kaleidagraph (Synergy Software,
Reading, PA). The mathematical expressions used to fit the parameters to
the experimental data are described in detail in the Supporting Material.(B) Difference spectra for increasing concentrations of calcium. Each spec-
trum is the result of subtracting the spectrum of the apo-state from the spec-
trum at a given calcium concentration. The difference spectrum of RD in
the presence of 2 mM calcium is bold. (C) Near-UV CD spectra of RD
for increasing concentrations of calcium. Apo-RD is dotted and RD in
the presence of 2 mM calcium is bold. (D) Ellipticity changes at 273 nm
(solid circles) and 295 nm (open circles) as a function of calcium concen-
tration. Experimental conditions: 5 mM Hepes, 150 mM NaCl, pH 7.2,
37C.RESULTS
Calcium-induced conformational changes of RD
The RD protein, which corresponds to residues 1006–1706
of CyaA, was overproduced in Escherichia coli as a soluble
protein and purified to homogeneity as described in theSupporting Material. Its purity and identity were checked
by gel electrophoresis, N-terminal sequencing, and mass
spectrometry (data not shown). We first investigated by
CD the secondary and tertiary structure changes induced
by the incremental addition of calcium. In agreement with
our previous report (19), the far-UV CD spectrum of the
apo-state of RD (apo-RD, in the absence of calcium) was
typical of a predominantly unfolded protein, as shown by
the strong negative p0-p* band around 200 nm (Fig. 1 A).
Yet, a weak negative n-p* band, appearing as a shoulder
around 220 nm, suggested the presence of residual
secondary structure elements in apo-RD. Upon calcium
addition (from 0 to 2 mM), secondary structures were
formed, as revealed by the concomitant intensity decrease
of the p0-p* band and increase of the n-p* band. We
followed the calcium-induced conformational changes at
219 nm (Fig. 1 A, inset). The data fitted to a two-state reac-
tion (Table S1), characterized by an apparent KD of
0.63 mM and an nH-value of 4.7, revealing the high cooper-
ativity of the calcium-induced conformational changes of
RD. This result suggests a remarkable homogeneity of the
affinity of the different calcium-binding sites despite theBiophysical Journal 99(11) 3744–3753
FIGURE 2 Calcium-induced conformational changes of RD followed by
FTIR in the Amide I0 region. (A) FTIR absorbance spectra of apo-RD (thin
line) and holo-RD (bold line) in D2O buffers. (B) Second derivative FTIR
absorbance spectra of apo-RD and holo-RD. In A and B, holo-RD is
bold. (C and D) Deconvolution curve-fitting of the amide I0 band of apo-
RD and holo-RD, respectively. Secondary structure determination was per-
formed by the deconvolution curve-fitting of the nondeconvolved spectra in
the amide I0 region of RD.
3746 Chenal et al.large divergence in individual primary sequence of the RTX
motifs (18).
To highlight the structural modifications triggered by
calcium addition, the spectrum of the apo-state was sub-
tracted from the spectra obtained at the various calcium
concentrations (Fig. 1 B). This revealed the appearance of
a broad negative n-p* band, with a lmax at 219 nm. We
propose that this spectrum may be the specific far-UV CD
signature of the b-roll motif (see Discussion).
We then used CD to follow the calcium-induced tertiary
structure changes of RD in the near-UV range (Fig. 1 C).
Of interest, the near-UV CD spectrum of the apo-state was
not flat, as would be expected for a fully unfolded protein.
Rather, it exhibited a positive and large envelope of poorly
resolved bands encompassing the aromatic region, indi-
cating that some phenylalanine (vibronic fine structure
bands at 262 and 268 nm) and the tyrosine and/or tryptophan
(ellipticity from 270 to 290 nm) side chains experienced
some residual structural constraints in the apo-state. These
constrained residues may belong to the polypeptide
segments exhibiting the residual secondary structure
elements revealed by the weak n-p* band in the far-UV
spectrum of apo-RD (see Fig. 1 A). Calcium binding
induced large tertiary structure reorganizations. The near-
UV CD spectrum of the holo-state presented several fine
bands arising from aromatic side chains locked in chiral
environments. A sharp positive band at 295 nm was charac-
teristic of the vibrational fine structure of a tryptophan Lb
band. The subsequent bands, from 285 to 270 nm, could
be assigned to tryptophan (Lb or La bands) and/or to tyro-
sine Lb bands (32). The decrease of the broad positive
band at 270 nm upon calcium titration may be due either
to the loss of constraints on aromatic residues or to the
increased contribution of negative bands. Whatever the
case, this near-UV CD spectrum clearly established that
several aromatic residues participated in the formation of
the tertiary structure of the holo-state. CD intensities
monitored at 273 or 295 nm (Fig. 1D and Table S1) revealed
that the tertiary structure changes (KD ¼ 0.67 mM,
nH ¼ 4.8) occurred concomitantly with the formation of
the secondary structure (KD ¼ 0.63 mM) and in a similarly
cooperative manner (nH ¼ 4.7) with regard to calcium
concentration. It is noteworthy that hydrodynamic radius
(RH) measurements by QELS showed a strong compaction
of RD from RH ¼ 7.3 nm in the apo-state to RH ¼ 3.2 nm
in the holo-state.
Calcium-induced structural changes in RD were also
investigated by FTIR spectroscopy. The FTIR spectrum of
the Amide I0 band of apo-RD is shown in Fig. 2 A (thin
line). The wavenumber of maximum absorption (nmax) of
apo-RD was 1645 cm1, which is typical of random coils.
The FTIR spectrum was asymmetric, with a shoulder
between 1660 and 1680 cm1, suggesting the presence of
some absorption bands in this region. The FTIR spectrum
of the holo-state was dramatically different (Fig. 2 A, boldBiophysical Journal 99(11) 3744–3753line), with a major band located at 1627 cm1 that could
be assigned to b-sheets. A broad shoulder between 1640
and 1680 cm1 was followed by a high-frequency band
(1696 cm1) of weak intensity characteristic of antiparallel
b-sheet. We identified the nmax of each band in the
FTIR spectra by self-Fourier deconvolution and second
derivative (Fig. 2 B). With these wavenumbers used as
constraints, we then deconvoluted the FTIR spectra using
curve-fitting procedures (see Supporting Material and
Fig. 2, C and D) to evaluate the fraction of each secondary
structure element (Table S2). This analysis showed that
the apo-state was mainly composed of disordered regions
with some turns and b-sheets (Table S3). This secondary
structure content inferred from FTIR is consistent with a pre-
molten globule state. Holo-RDwas characterized by a strong
increase in b-sheet content and a relative increase in turns,
both at the expense of the random coil content.
We then investigated the changes induced in the intrinsic
fluorescence of RD tryptophans (nine residues evenly
distributed along the RD sequence) by the binding of
calcium. The maximum wavelength (lmax) of fluorescence
of the apo-state was 350 nm, as expected for tryptophans
in an unfolded polypeptide. Upon calcium titration, the
fluorescence lmax was shifted to 346 nm (Fig. 3 A) and
the fluorescence intensity was strongly increased
(Fig. 3 B), revealing that the tryptophan side chains were
less exposed to the solvent in the holo-state than in the
apo-state. The fluorescence intensity changes in RD induced
FIGURE 3 Calcium-induced conformational changes of RD followed by
tryptophan intrinsic fluorescence. (A) Maximum emission wavelength
changes of tryptophan fluorescence of RD as a function of calcium concen-
tration. (B) Tryptophan fluorescence intensities of RD at 320 nm as a func-
tion of calcium concentration. (C) Ratio of fluorescence intensities at 360
and 320 nm (rFI360/320) of RD as a function of calcium concentration.
(D) rFI360/320 changes of both apo-RD (circles) and holo-RD (squares) as
a function of NaCl concentration. Experimental conditions: 5 mM Hepes
in the presence of 150 mM NaCl (solid symbols) or absence of NaCl
(open symbols), pH 7.2, 37C.
Folding Pathway of CyaA RTX Motifs 3747by calcium binding were examined at different emission
wavelengths (the data obtained at 320 nm are shown in
Fig. 3 B). These data were best fitted to a three-state model.
The KD of the first transition (from the apo-state to the inter-
mediate-state) was 0.35 mM, a value close to that deter-
mined from the rFI360/320 (see below). The KD of the
second transition (from the intermediate state to the holo-
state) was 0.58 mM, a value close to that obtained in the
far-UV CD experiments (KD ¼ 0.63 mM; Fig. 1 A, inset).
We also followed changes in tryptophan polarity upon
calcium titration using the ratio of fluorescence intensities
(rFI360/320) emitted at 320 nm and 360 nm. These wave-
lengths are related to tryptophan fluorescence intensities in
apolar (320 nm) and solvated (360 nm) environments,
respectively, and the values of rFI360/320 are therefore very
sensitive to weak polarity changes in the tryptophan
surroundings. Fig. 3 C shows that upon calcium titration,
rFI360/320 decreased sharply with a KD of 0.25 mM (Table
S1), a value close to that determined from the fluorescence
intensities (see above and Fig. 3 B). This change of polarity
may be assigned to a partial exclusion of water in the
vicinity of tryptophans that occurred before any secondary
structure changes (far-UV CD KD ¼ 0.63 mM). Hence,
the progressive change in tryptophan fluorescence upon
calcium binding reflected a change in the polarity of thetryptophan environment, followed by secondary and tertiary
structure formation.
The fluorescence anisotropy of RD was measured in the
presence or in the absence of calcium. We found an rapo-
value of 0.0475 0.002 for the apo-state and an rholo-value
of 0.095 5 0.003 for the holo-state of RD. These values
show that tryptophans in the apo-state were mobile, whereas
tryptophans in holo-RD were more constrained.
We also investigated the solvent accessibility of trypto-
phans by collisional quenching of fluorescence, using iodide
and acrylamide as quenchers (Fig. S1). We used L-trypto-
phan as reference for a fully accessible fluorophore. Both
quenchers were able to quench all of the tryptophan fluores-
cence intensity of RD (0.96 < fa < 1.13), indicating that all
RD tryptophans were solvent-accessible in both the apo-
state and holo-state (Fig. S1 C, Fig. S1 D, and Table S4).
This suggests that in the holo-state, the tryptophans were
packed on the surface of RD, rather than buried in a hydro-
phobic core of the protein. Nevertheless, the Stern-Volmer
constants (Table S4, obtained from the slopes of the curves
shown in Fig. S1, B–D) were higher for the apo-state, indi-
cating that tryptophan fluorescence could be more easily
quenched in the apo-state than in the holo-state of RD.
To determine whether RD exposed organized hydro-
phobic clusters to the solvent upon folding, we examined
the fluorescence changes of ANS (33) in the presence of
RD as a function of calcium concentration (Fig. S2). The
fluorescence intensity, the lmax, and the ratio of fluorescence
at 460 nm to that at 520 nm (rFI460/520) of ANS were not
significantly affected by the addition of RD in either the
presence or absence of calcium. Hence, these ANS-binding
experiments indicated that RD did not expose organized
hydrophobic regions to the solvent at any step of its
calcium-induced folding reaction.Calcium-induced stability changes of RD
To gain insight into the stability changes that occurred after
the folding reaction, we used CD to investigate the stability
of the secondary and tertiary structure contents as a function
of temperature in the far- and near-UV ranges (Fig. S3).
As shown in Fig. S3 A, the temperature did not affect the
weak n-p* band of the far-UV CD spectrum of apo-RD,
suggesting that the residual secondary structures in apo-
RD were very stable.
The thermal-induced unfolding of the secondary structure
of holo-RD was characterized by an intensity increase of the
p0-p* band and a concomitant intensity decrease of the n-p*
band (Fig. S3C). At high temperatures (> 90C), the far-UV
CD spectrum of the denatured holo-state (Fig. S3 C) was
very similar to that of the native apo-state (Fig. 1 A and
Fig. S3 A) and was characteristic of a mostly unfolded poly-
peptidewith only residual secondary structure elements. The
types of secondary structures lost upon heat denaturation
are highlighted in Fig. S3 D, which shows the differenceBiophysical Journal 99(11) 3744–3753
FIGURE 4 Urea- and GdnHCl-induced denaturation of RD followed by
CD. (A and C) Far-UV CD spectra of holo-RD as a function of urea (A) and
GdnHCl (C) concentration. (B and D) Ellipticity changes of the n-p* band
followed at 219 nm for holo-RD (solid circles) induced by urea (B)
and GdnHCl (D). In panel D, the denaturation of apo-RD by GdnHCl is
also shown for comparison (open circles). The parameters of the urea- or
GdnHCl-induced denaturation of holo-RD are indicated in the insets of
B and D (parameters for the second transition of the GdnHCl-induced
denaturation of holo-RD were DG0 ¼ 0.8 kcal.mol1 and m ¼
0.65 Kcal.mol1.M1). Experimental conditions: 5 mM Hepes, 150 mM
NaCl, pH 7.2, 37C.
3748 Chenal et al.spectra resulting from the subtraction of the spectra recorded
at the indicated temperatures from the spectrum recorded
at 95C. This analysis indicated that the structures lost by
thermal-induced unfolding corresponded mostly to the
parallel b-roll fold formed upon calcium addition (compare
with Fig. 1, A and B, and Fig. S5 C).
We then followed the thermal stability of the secondary
structures at various calcium concentrations. These results
indicated that the stability of the secondary structure of
RD increased with the concentration of calcium (Fig. S3 E).
Similar results were obtained when near-UV CD signals
were monitored as a probe of the tertiary structure
stability (Fig. S3 F). We further assessed the calcium-
dependent stabilization of RD by studying the thermal-
induced denaturation of RD, followed by tryptophan
fluorescence changes, at various calcium concentrations.
Fig. S4 shows the enthalpy, DHvH, deduced from the
denaturation curve, as a function of calcium concentration.
This indicates that DHvH increased markedly with calcium
concentration, from 0.1 to 1 mM CaCl2.
The unfolding of RD upon exposure to the chaotropic
agents urea or guanidinium chloride was then investigated
(Fig. 4). The residual secondary structures of the apo-state
were poorly sensitive to chaotropic agents (see Fig. 4 D,
open circles, for GdnHCl) with noncooperative, monoto-
nous denaturation curves typical of intrinsically disordered
proteins (34). Hence, the chaotropic- and thermal-induced
denaturation experiments indicated that the residual
secondary structure content of apo-RD was stable, although
its overall tertiary structure was poorly stable, in agreement
with a disordered ensemble of conformations. In contrast,
the unfolding of the secondary structures of holo-RD upon
exposure to urea or GdnHCl was a highly cooperative
process (Fig. 4, B and D). It is noteworthy that the values
of half-denaturation, the m parameter, and free energy
(DG0) of holo-RD unfolding by urea and GdnHCl were
markedly different (insets of Fig. 4, B and D). In particular,
the half-denaturation of holo-RD occurred at very low
concentrations of GdnHCl (0.23 M) compared to those of
urea (2.3 M). The high cooperativity, reflected by the m
parameter, and the low concentration of GdnHCl required
to induce holo-RD denaturation suggest that the charged
guanidinium cations may compete with calcium binding to
the carboxylic groups of RD and thus facilitate the unfold-
ing of the secondary and tertiary structures of holo-RD
(see Discussion).Effect of sodium salt on RD
Finally, we investigated the effect of NaCl on the behavior
of RD. We aimed to assess whether salts could affect 1),
the stability of the apo- or holo-state; 2), the affinity for
calcium; or 3), the cooperativity of calcium-induced
folding. The far-UV CD spectra of apo-RD clearly indicated
that NaCl per se was unable to induce the formation ofBiophysical Journal 99(11) 3744–3753secondary structures (Fig. S5 A), whereas the secondary
structure content of holo-RD was weakly affected by the
addition of NaCl (Fig. S5 B). The calcium-induced confor-
mational changes in the presence of 150 mMNaCl (Fig. 1, A
and B) were similar to those observed in its absence (Fig. S5
C). However, in the absence of NaCl, the affinity of RD for
calcium was significantly increased (see below). This
affinity change likely reflects a competition between
calcium and sodium for the calcium-binding sites. In agree-
ment with this, the calcium-induced conformational
changes of RD as determined from lmax changes,
rFI360/320 or fluorescence intensity (Fig. 3, A–C) revealed
that the protein exhibited a higher affinity for calcium in
the absence of NaCl (with an apparent KD in the low micro-
molar range, KD ¼ 9 mM; see legend of Table S1).
The effects of NaCl on RD were further characterized by
fluorescence spectroscopy and QELS. Although the titration
of RD by NaCl had no effect on the tryptophan fluorescence
of the holo-state (in the presence of 2 mMCaCl2), titration of
the apo-state by increasing concentrations of NaCl induced
a significant change of tryptophan polarity (Fig. 3 D) and
a lmax shift from 354 nm in the absence of NaCl to 350 nm
at 150 mM NaCl, and down to 347 nm for higher salt
FIGURE 5 Effect of NaCl on the stability of RD followed by fluores-
cence. (A and B) Thermal denaturation of apo-RD (A) and holo-RD (B)
followed by rFI360/320 (arrows indicate the direction of increasing NaCl
concentrations). (C and D) Temperatures of half-melting (Tm, panel C)
and van’t Hoff free enthalpies (DHvH, panel D) of apo-RD (open circles)
and holo-RD (solid circles) as a function of NaCl concentration were calcu-
lated from rFI360/320 as described in Materials and Methods. Experimental
conditions: 5 mM Hepes,5 2 mM CaCl2, various concentrations of NaCl,
pH 7.2.
Folding Pathway of CyaA RTX Motifs 3749concentrations. Of interest, the QELSmeasurements showed
that the addition of 150 mMNaCl induced a partial compac-
tion of apo-RD, with RH decreasing from 8.6 nm to 7.3 nm.
Furthermore, tryptophan quenching by acrylamide indicated
that the fluorophore accessibility was similar in the presence
and absence of NaCl (Table S4). However, the fluorescence
quenching by low iodide concentrations was partially
inhibited in the absence of NaCl (Fig. S1 A, inset). We
hypothesized that repulsive electrostatic interactions
between the negatively charged apo-protein (pI ¼ 4.1) and
the anionic iodide could prevent fluorescence collisional
quenching at low NaCl concentrations.
We also studied the effect of NaCl on the thermal stability
of RD. In the absence of NaCl (Fig. S3 B), the temperature
had little effect on the secondary structures of apo-RD. Yet,
a careful inspection of the spectra revealed a weak intensity
decrease of the p0-p* band together with a weak increase of
the n-p* band (Fig. S3 B) with temperature. These spectral
changes may be due to 1), the stabilization of secondary
structure elements at high temperatures, as reported for
other intrinsically disordered proteins (34); or 2), the
thermal melting of the left-handed polyproline II (PPII)
helix-like conformation (35). This structural change was
reversible upon cooling (data not shown). Independently
of the calcium concentration, the holo-state was more stable
against thermal denaturation at low salt concentrations than
in the presence of 150 mM NaCl (Fig. S3 E). We then
carried out a systematic analysis of the tertiary structure
stability of apo-RD and holo-RD at various concentrations
of NaCl (Fig. 5). We determined Tm and DHvH in the
different conditions by following the thermal-induced
protein denaturation by tryptophan intrinsic fluorescence
(Fig. 5, A and B). Both the DHvH and Tm data revealed
that the increase of NaCl concentration weakly stabilized
apo-RD but strongly destabilized holo-RD (Fig. 5, C andD).DISCUSSION
In this study we used a combination of biophysical
approaches to characterize the calcium-induced conforma-
tional and stability changes of RD of the CyaA toxin. This
work extends our previous study in which we showed that
RD is intrinsically disordered in the apo-state (in the absence
of calcium) but adopts a folded and compact structure in the
holo-state (in the presence of 2 mM calcium) (19). In
the work presented here, we aimed to better characterize the
sequence of events leading to calcium-induced folding of
the RTX domain. We have shown that in the absence of
calcium,RDadopts predominantly premoltenglobule confor-
mations that are likely maintained in such unstructured states
by the electrostatic repulsion between the negatively charged
Asp residues of the RTX motifs. Whereas sodium ions can
screen these electrostatic repulsions to allow a partial
compaction of the polypeptide, calcium binding triggers
a strong compaction as well as the folding of secondary andtertiary structures in a highly cooperative manner. The high
sensitivity of holo-RD denaturation to guanidinium cations
further confirms the critical role of electrostatic interactions
in the folding of the b-roll structures. Fig. 6 shows a model
of the sequential folding events from the apo-state to the
holo-state of RD as deduced from our results.RD folding pathway from the intrinsically
disordered apo-state to the folded holo-state
In agreement with our previous work (19), in the absence of
calcium, RD exhibited features characteristic of an intrinsi-
cally disordered protein in a premolten globule state, i.e.,
apo-RD was mainly disordered, as shown by CD and the
major band at 1647 cm1 in the FTIR spectrum. Neverthe-
less, our data also show that apo-RD contained residual
secondary and tertiary structure elements. These residual
structural elements are evidenced by the presence of a small
n-p* band in the far-UV CD spectrum, the aromatic bands in
the near-UV spectrum of apo-RD, and the minor bands at
1674, 1662, and 1633 cm1 assigned to turns and b-sheets
in the FTIR spectrum of apo-RD. The high hydrodynamic
radius (7.3 nm) of apo-RD, a polypeptide of 72 kDa, fitted
well with an extended premolten globule conformation
(36–38). The intrinsic fluorescence properties of apo-RD
were also typical of a disordered polypeptidewith tryptophanBiophysical Journal 99(11) 3744–3753
FIGURE 6 Schematic representation of the conformational transitions of
RD. The NaCl-induced compaction of the intrinsically disordered apo-state
is schematized in blue, whereas the calcium-induced compaction concom-
itant to the secondary and tertiary structure formation leading to the b-roll
fold of the holo-state is shown in red. Along the folding pathway, the RH
decreases and the stability increases.
3750 Chenal et al.side chains that were largely solvated (lmax ¼ 350 nm),
highly mobile (anisotropy value of 0.047), and fully acces-
sible to the solvent (see quenching experiments). In addition,
apo-RD did not enhance ANS fluorescence, indicating that it
had no solvent-exposed hydrophobic cluster.
Upon addition of low concentrations of calcium (0.2–
0.4 mM) to apo-RD, the first noticeable effect was a polarity
change in the local environment of the tryptophans as they
became less exposed to the solvent, as indicated by the
changes in rFI360/320 and the first step of the tryptophan
fluorescence intensity increase, although no changes in the
secondary or tertiary structures were observed under these
conditions. Then, as the calcium concentrations further
increased, secondary and tertiary structures were progres-
sively acquired in a roughly concomitant manner (KD z
0.5–0.7 mM CaCl2 from fluorescence and CD data), result-
ing in a large conformational change of RD. This transition
was accompanied by a strong compaction of the polypep-
tide, as indicated by the decrease of its hydrodynamic radius
from 7.3 to 3.2 nm. The tryptophan residues were less
solvent-exposed and less mobile (see anisotropy experi-
ments) in the holo-state than in the apo-state, but remained
fully accessible to the quenchers, suggesting that they were
packed on the surface of holo-RD.
It is noteworthy that the transition between the disordered
apo-state and the fully structured holo-state occurred within
a very narrow range of calcium concentrations and exhibited
high nH-values. This high cooperativity of the calcium-
induced conformational changes of RD is quite remarkable
(Table S1). Given the variability of the RTX motifs (only 20
out of 38–42 overall RTX motifs exhibited the canonical
nonapeptide sequence), one could have expected a relatively
large distribution of the relative affinities of these calcium-
binding sites. Instead, the observed cooperativity suggests
that the different blocks of RTX motifs folded in a highly
concerted manner. Of interest, Knapp et al. (39) alsoBiophysical Journal 99(11) 3744–3753reported a very steep calcium dependence for the channel-
forming activity of CyaA in artificial membranes. This
suggests that the high cooperativity of calcium binding to
RD is directly linked to the acquisition by the full-length
CyaA toxin of an active conformation that is able to form
ion-conducting channels in membrane.Spectroscopic CD signature
for the calcium-loaded RTX b-roll fold
A careful analysis of the CD data allowed us to identify
a specific spectroscopic signature of the so-called parallel
b-roll secondary structure (25). Indeed, the far-UV CD spec-
trum of holo-RD exhibited noncanonical bands, especially
a calcium-induced n-p* band located at an unusual lmax
of 219 nm (Fig. 1). This band could either result from the
combination of two n-p* bands characteristic of canonical
a-helix (lmax ¼ 222 nm) and b-strand (lmax ¼ 216 nm),
or arise from a single electronic transition characteristic of
the parallel b-roll. Several lines of evidence support the
latter hypothesis, i.e., that this unique CD profile is a specific
spectral signature of the b-roll motif. First, the presence of
an isodichroic point at 210 nm suggests that the binding
of calcium controlled the equilibrium between two confor-
mations (i.e., apo-RD and holo-RD). Second, the shapes
of the far-UV CD difference spectra were similar at all
calcium concentrations, suggesting that a unique structural
motif was formed upon addition of calcium increments.
Third, the far-UV CD difference spectra did not show any
evidence of the negative bands around 206 nm that are
characteristic of the p0-p* transition specific to the
a-helices. Finally, the broad negative n-p* band at
219 nm was totally abrogated upon unfolding of holo-RD
induced by temperature or chaotropic agents. Each spectral
ensemble displayed an isodichroic point, indicating that un-
folding reactions of holo-RD followed a two-state process,
leading to a spectrum with the features of the apo-state.
Indeed, the CD band pattern lost upon denaturation was
similar to that gained upon calcium titration (compare, for
instance, Fig. 1 B, Fig. S3 D, and inset of Fig. S5 C). On
the basis of these results, we propose that the band located
at 219 nm corresponds to an n-p* electronic transition char-
acteristic of the b-roll motif. It is noteworthy that several b-
helix proteins exhibit a similar n-p* band (19,21,40,41,42).
This lmax-value of 219 nm suggests that the polarity of the
hydrogen bonds in the b-roll motif is intermediate between
those of a-helices and b-sheets. Hence, the p0-p* and n-p*
bands of holo-RD could be the specific far-UV CD signa-
tures of the calcium-loaded b-roll motifs.Effect of NaCl on the structure and calcium-
binding properties of RD
The characterization of the effect of NaCl provided several
insights into the biophysics of the calcium-induced folding
Folding Pathway of CyaA RTX Motifs 3751of RD. Although the secondary structure content of the apo-
state was not sensitive to the presence of NaCl, its RH was
7.3 nm in the presence of 150 mM NaCl and 8.6 nm in
the absence of NaCl. Concomitantly, the polarity and fluo-
rescence lmax of the tryptophan residues of apo-RD were
also drastically affected in the absence of NaCl. The high
sensitivity of the apo-state to NaCl suggests that apo-RD
behaves like an anionic polyelectrolyte that can partly
condense in the presence of counterions. This compaction
may explain the weak stabilization of RD upon addition
of NaCl. NaCl likely reduces the intramolecular electro-
static repulsion between the numerous negatively charged
Asp residues in the apo-state. Accordingly, collisional tryp-
tophan fluorescence quenching by the anionic iodide salt
showed that tryptophans were less accessible in the absence
of NaCl than in its presence. This lower quenching effi-
ciency could be due to the larger electrical double layer
formed around RD in the absence of NaCl, resulting in elec-
trostatic repulsions between the negatively charged apo-RD
and the anionic iodide. Overall, these observations highlight
the polyelectrolyte behavior and electronegativity of the
surroundings of apo-RD.
The calcium-induced conformational changes of RD in
the absence of NaCl were similar to those observed in the
presence of NaCl, but the affinity of the protein for calcium
was markedly increased. This suggests that sodium can
partly compete with calcium for binding to the RTX motifs.
Yet, the absence of NaCl had only minor conformational
effects on holo-RD, as shown by tryptophan intrinsic fluo-
rescence, far-UV CD, and QELS (RH ¼ 3.3 nm without
NaCl vs. 3.2 nm in its presence). Taken together, these
results indicate that the stability of apo-RD increased in
the presence of NaCl, as expected for an intrinsically disor-
dered polypeptide behaving like an anionic polyelectrolyte.
Conversely, NaCl destabilized the holo-state (Fig. 5), as
anticipated for a protein stabilized by calcium binding.Chemical denaturation of holo-RD
The comparison of the chemical denaturation induced by
urea and GdnHCl also provided insights into the physico-
chemical basis of the calcium-induced stabilization of RD
(Fig. 4). Holo-RD turned out to be highly sensitive to dena-
turation by guanidinium ions, as compared with urea. The
holo-RD half-denaturation indeed occurred at GdnHCl
concentrations (~0.23 M) that were ~10-fold lower than
those of urea. It is noteworthy that the concentration of
denaturant agent that induced half-denaturation of proteins
was usually 2~4 times lower with GdnHCl than with urea.
We hypothesized that this drastic difference in the sensi-
tivity of holo-RD to these two chaotropic agents may be
due to the cationic nature of the guanidinium ions that can
interact with the aspartic acids of the RTX motifs, thus
chasing out the calcium ions from the holo-protein. The
high sensitivity of holo-RD to GdnHCl therefore suggeststhat the network of electrostatic interactions established
between the calcium ions and the aspartic acids of RTX
motifs is critical for the stability of this protein. Conversely,
the lower sensitivity of holo-RD to urea-induced denatur-
ation suggests that the hydrophobic effects (primarily tar-
geted by the neutral urea molecule) are less important
than the electrostatic ones in the stabilization of the b-roll
fold.
The significant electrostatic contribution to the thermody-
namics of holo-RD was further corroborated by the high
value of the m parameter. Indeed, a variation of <0.1 M
around the half-denaturing concentration of GdnHCl
induced the unfolding of almost all of the secondary struc-
ture content of holo-RD. Such a value of the m parameter
indicates that the stability of the secondary structures of
holo-RD arises mainly from the numerous sites that exhibit
a closely similar sensitivity to GdnHCl, likely the calcium-
binding sites of the RTXmotifs. Furthermore, the high value
of the m parameter suggests that a strong variation in the
solvent-accessible surface area occurs upon denaturation
of holo-RD. Taken together, the difference between the
half-denaturing concentrations of both chaotropic agents,
and the m parameter of the GdnHCl-induced denaturation
strongly suggest that the electrostatic network of the
calcium-loaded RTX motifs is essential for the stabilization
of holo-RD.
Given the importance of electrostatics in the folding and
stabilization of holo-RD, it might be more appropriate to use
the denaturation by urea, which has no ionic contribution, to
evaluate the free energy of protein folding, as proposed by
Hagihara et al. (43). The DGurea evaluated from the urea
denaturation profile of holo-RD was 14.4 kcal/mol. Of
interest, the denaturation of holo-RD by urea and GdnHCl
led to a state that shared most of the features of the apo-
state. Hence, the free energy estimated from the denatur-
ation curves of holo-RD may roughly correspond to the
gain of free energy provided by the binding of calcium to
apo-RD.Biophysical insights into the physiology
of RTX-harboring proteins
Our data describing the calcium-induced structural changes
that accompany the transition of RD from a low- to a high-
calcium environment are relevant for the biogenesis of the
CyaA toxin and likely for other RTX toxins that are secreted
by the type I secretion machinery. After synthesis, these
RTX-containing proteins should adopt intrinsically disor-
dered premolten globule conformations in the low-calcium
environment (concentrations in the low-micromolar range)
of the bacterial cytosol until they interact with the type I
secretion machinery. The high flexibility of the disordered
states of the RTX motifs could facilitate polypeptide uptake
and transport across the narrow TISS secretion channel.
After the polypeptides reach the high-calcium environmentBiophysical Journal 99(11) 3744–3753
3752 Chenal et al.of the extracellular medium, calcium binding could trigger
the folding of the RTX motifs into compact and stable
b-roll structures that form the functional active state of the
proteins. The difference in stability (14.4 kcal/mol for
holo-RD) between the calcium-free RTX polypeptide inside
bacteria and the holo-state in the extracellular medium
could likely constitute a significant driving force for the
translocation of the whole protein across the secretion
machinery.
This study highlights the key role played by electrostatic
interactions in the calcium-induced folding of the R-domain
of CyaA. In the absence of calcium, the negative charges of
the Asp residues of the RTX motifs of RD repel each other
and cause the polypeptide chain to adopt disordered and
expanded premolten globule conformations that are favor-
able for protein secretion. Calcium binding to the aspartate
carboxylic groups could screen their charges and thus allow
the polypeptide chain to collapse and fold into a compact
and stable b-roll conformation. The simplicity and robust-
ness of such a calcium-mediated charge-screening prin-
ciple would allow for very efficient protein folding in the
absence of any chaperone, as illustrated here with RD, a
706-residue-long polypeptide. This may explain why this
type of structural motif is largely distributed among the
numerous virulence factors secreted by many pathogenic
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